Structural origin of substrate-enzyme recognition remains incompletely understood. In the model enzyme system of serine protease, canonical anti-parallel ␤-structure substrate-enzyme complex is the predominant hypothesis for the substrate-enzyme interaction at the atomic level. We used factor Xa (fXa), a key serine protease of the coagulation system, as a model enzyme to test the canonical conformation hypothesis. More than 160 fXa-cleavable substrate phage variants were experimentally selected from three designed substrate phage display libraries. These substrate phage variants were sequenced and their specificities to the model enzyme were quantified with quantitative enzyme-linked immunosorbent assay for substrate phage-enzyme reaction kinetics. At least three substrate-enzyme recognition modes emerged from the experimental data as necessary to account for the sequence-dependent specificity of the model enzyme. Computational molecular models were constructed, with both energetics and pharmacophore criteria, for the substrate-enzyme complexes of several of the representative substrate peptide sequences. In contrast to the canonical conformation hypothesis, the binding modes of the substrates to the model enzyme varied according to the substrate peptide sequence, indicating that an ensemble of binding modes underlay the observed specificity of the model serine protease.
Ser
195 in chymotrypsin number) (see Ref. 2 , and references therein). The polypeptide binding sites and the binding pockets for the side chains of the peptide substrates in various serine proteases have also been characterized to atomic resolution with x-ray crystallography (see Ref. 4 , and references therein). Still, the enzyme-substrate transition state complex structures have been difficult to be elucidated (5) , partly due to the rapid hydrolysis of the substrate and partly due to the rapid dissociation of the products from the active site. Hence the structural origin on the substrate specificity of serine proteases has been incompletely resolved, hampering critical understanding toward enzyme-substrate recognition and its implications in inhibitor design and substrate specificity engineering.
Models of enzyme-substrate transition state complexes have been proposed on the basis of the three-dimensional structures of serine protease-inhibitor complexes. Invariably in the models and thus dubbed canonical conformation, the peptide substrate binds to the enzyme in ␤-strand conformation, anti-parallel to the corresponding ␤-strand (residues 214 -217 in chymotrypsin number) in the serine protease (see Refs. 2-6 for reviews). However, accumulating evidence supporting alternative models suggests that the canonical conformation is not universally applicable to serine protease-substrate complexes (5) (6) (7) (8) . Using factor Xa as a model system, we asked if the canonical conformation hypothesis can sufficiently account for the enzymatic specificity of the model system and if not, what alternative models are plausible from structural and energetic aspects.
Factor Xa (fXa) 3 is situated at the key position of the common pathways of the intrinsic and extrinsic coagulation systems (9) , and thus has been an attractive target for antithrombotic drug development. In vivo, factor Xa and factor Va form prothrombinase complexes on the phospholipid membrane surface (10) . The membrane-bound prothrombinase recognizes and binds its protein substrate prothrombin through the exosites on the prothrombinase surface (11) . Conformational changes of the prothrombinase-prothrombin assembly subsequently enable the active site of fXa to sequentially recognize and cleave the two cleavage sites in the prothrombin to yield activated thrombin as product (12, 13) . This two-step substrate recogni-* This work was supported by National Health Research Institutes Grant NHRI-EX95-9525EI, National Science Council for People's Republic of China Grant NSC 96-2311-B-001-030-MY3, and the Genomics Research Center at Academia Sinica, Taipei, Taiwan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 Both authors contributed equally to this work. 2 To whom correspondence should be addressed: Genomics Research Center, 128 Academia Rd., Section 2 Taipei, 115 Taiwan, China. tion mechanism explains the precise specificity and affinity of fXa on its protein substrate (14, 15) . Although both the exosites and the active site in fXa contribute to the protein substrate specificity in vivo (14, 15) , the active site of fXa is intrinsically permissive (16) . Molecular origins of the active site permissiveness have not been clearly understood. The active site of fXa recognizes substrate sequences (P4 -P3-P2-P1): IEGR and IDGR in prothrombin; PQGR in factor VII; and EKGR in the autolysis loop of fXa (8, 17) . Phage display experiments identify further that fXa can recognize RGR in the P3-P2-P1 positions of the phage-displayed substrates (18) . Positional scanning synthetic combinatorial fluorogenic peptide substrate libraries have identified that fXa can recognize aromatic residues in the P2 position (17) but glycine as the P2 residue still dominates the recognition specificity. In contrast to earlier experimental results, peptide substrates synthesized to replace one residue at a time in the template peptide (VQFRSL from P4 to P2Ј) show that glycine comes after phenylalanine as the second most favorable residue in the P2 position (19) . Little is known as to how the substrate side chains with diverse physicochemical properties can fit into the same peptide binding site as defined by the canonical conformation of the substrate peptide.
To investigate active site-substrate recognition, we re-examined substrate specificity of fXa with substrate phage display selection (18, 20 -22) and quantitative ELISA for individual substrate phage-enzyme reaction kinetics (22, 23) . In addition, we constructed several representative enzyme-substrate complex structures in atomic details that were consistent simultaneously with the empirical binding energetics and the pharmacophore models derived from 55 high resolution fXa-ligand complex structures in the Protein Data Bank. Together, the substrate phage display experiments and the computational molecular models indicated that an ensemble of substrate-enzyme active site binding modes was necessary to account for the substrate specificity of the active site of fXa. This view is drastically in contrast to the canonical conformation hypothesis for the serine protease active site-substrate recognition.
EXPERIMENTAL PROCEDURES
Library Construction-pCANTAB5E (GE Healthcare) template was constructed as shown in Fig. 1 . The DNA libraries coding for substrate peptides were inserted at the site where the TAA stop codons were previously constructed in the template. The TAA stop codons were designed to ensure that only the phagemids carrying inserted degenerate codons would produce pIII fusion protein for phage surface display. The phage display libraries were constructed with the oligonucleotide-directed mutagenesis initially proposed by Kunkel (24) . In this work, we followed the Sidhu and Weiss protocol (25) . In brief, CJ236 (dut Ϫ , ung Ϫ , cam R) (from New England Biolabs) was transformed with the pCANTAB5E template and a single ampicillin-resistant colony was cultured and recombinant phage was rescued by M13KO7 helper phage (GE Healthcare). Phage particles in the overnight 2xYT supernatant in the presence of ampicillin, kanamycin, and uridine were harvested and precipitated with PEG/NaCl (20% PEG 8000 and 2.5 M NaCl). The dU-single stranded DNA from the phage particles was extracted with the QIAprep spin M13 kit (Qiagen), following the manufacturer's instruction. 35-45 g of dU-single stranded DNA template was extracted in a typical preparation from 35 ml of culture supernatant.
DNA primer fragments encoding for pC-4X, pC-XXGRXX, and pC-XRXRXX libraries were synthesized by IDT (Integrated DNA Technologies). The sequences for the primers were the following: 4X, VCCTGCGGCCGATGCTCCACCTGAMNNMN-NMNNMNNGCCGGATCCACTAGAGCCGCC; XXGRXX, VCCTGCGGCCGATGCTCCACCTGAMNNMNNGCGGCC-MNNMNNGCCGGATCCACTAGAGCCG; and XRXRXX, VCCTGCGGCCGATGCTCCACCTGAMNNMNNGCGM-NNGCGMNNGCCGGATCCACTAGAGCCG, where M ϭ A, C, 50% each; N ϭ A, G, T, C, 25% each. The 5Ј end of the primer was phosphorylated with T4 polynucleotide kinase (New England Biolabs) and annealed with the dU-single stranded DNA template before overnight extension and ligation with T7 DNA polymerase (New England Biolabs) and T4 DNA ligase (New England Biolabs). The CCC-double stranded DNA end product was purified with the Qiagen gel extraction kit and electroporated into Escherichia coli ER2738. Typically, 1 g of dU-single stranded DNA produced 10 7 -10 8 recombinant phage variants, and 60 -80% of the phage variants carried degenerate peptide sequences at the insertion site of the phagemid. The rescued recombinant phage particles were precipitated with 20% PEG/ NaCl and resuspended in pure water for the following selection/amplification process.
Substrate Phage Display Selection-We first carried out a pre-selection step with Ni-NTA beads: 1000 l of phage library (ϳ10 12 colony forming units/ml) in phosphate binding buffer (50 mM NaH 2 PO 4 , pH 8, 300 mM NaCl) was immobilized on 100 l of Ni-NTA-agarose beads (Qiagen) at room temperature for 2 h under constant gentle rocking. The Ni-NTA beads were transferred to a microfilter (Millipore Ultrafree MC, UFC30SV00) and washed 21 times with agarose beads, each with 500 l of washing buffer (50 mM NaH 2 PO 4 , pH 8, 300 mM NaCl, 10 mM imidazole). The phage particles were then eluted from the Ni-NTA beads with elution buffer (50 mM NaH 2 PO 4 , pH 8, 300 mM NaCl, 200 mM imidazole). The eluted phage particles were amplified overnight and harvested with PEG/NaCl precipitation. This step was designed to eliminate the phage population carrying the template phagemid.
The Ni-NTA pre-selected phage population was used as input for the fXa selection/amplification cycle as depicted in Fig. 2 . Immobilization and wash procedures were carried out as described in the previous paragraph. After the wash procedure, the Ni-NTA beads were rinsed one time with 500 l of fXa reaction buffer (20 mM Tris-HCl, pH 6.8, 50 mM NaCl, 1 mM CaCl 2 ). 5 units (ϳ10 g, purity Ͼ90%) of purified bovine fXa (Qiagen) in 1000 l of fXa reaction buffer were added to the Ni-NTA beads. The optimum pH for bovine fXa activity is 6.5 according to the manufacturer; we modified the reaction buffer to pH 6.8 so as to avoid compromising the His 6 -Ni-NTA binding while maintaining the optimum activity of fXa. The reaction took place at room temperature for 1.5 h under constant gentle rocking. After the enzymatic reaction, the Ni-NTA beads were washed with 9 ϫ 500 l of washing buffer and then with 9 ϫ 500 l of elution buffer (50 mM NaH 2 PO 4 , pH 8, 300 mM NaCl, 200 mM imidazole). The washing, reaction, and elution buffers saved from each step of the above process were titered for phage concentration. The histogram in Fig. 3 shows the phage concentration in each of the buffers from the selection cycles.
The phage particles enzymatically cleaved from the Ni-NTA beads were amplified overnight in the host E. coli ER2738, and the rescued phages in the overnight culture were precipitated with 20% PEG/NaCl. The precipitated phages were used as input for the following cycle of selection/amplification. At the end of the last cycle, single colonies of the selected phage particles were cultured for further analysis.
Single Colony Analyses-Single colonies were picked using GENETIX Qpix II colony picker to 96-well deep well culture plate. Each well contained 1 ml of 2xYT, 100 g of ampicillin, and 5 ϫ 10 8 colony forming units of helper phage M13KO7. One hour after inoculation, 200 l of 2xYT, 250 g/ml kanamycin, 1200 g/ml ampicillin were added to each well. The culture plates were incubated at 37°C overnight with vigorously shaking. After being centrifuged at 3000 ϫ g at 4°C for 30 min, 20 l of supernatant was transferred from each well of the culture plate to the corresponding well in a 96-well His-sorb (Qiagen) plate, for which each well contained 80 l of fXa reaction buffer and 0.2 units of fXa. The same transfer procedure was repeated for a control 96-well His-sorb plate, where buffer without fXa was added to each well. After 1 h of reaction at room temperature, the His-sorb plates were washed with 3 ϫ 250 l of PBST (phosphate-buffered saline, pH 7.5, Tween 20, 0.05%) and 1 ϫ 250 l of PBS. Anti-M13-horseradish peroxidase (1:5000, GE-Amersham Biosciences) in PBS ϩ skim milk (2.5%) was added to each well for 1 h. The anti-M13-horseradish peroxidase was cleared from the His-sorb plates with 3 ϫ 250 l of PBST and 1 ϫ 250 l of PBS washing buffer. 100 l of ABTS substrate (BioFix) was added to each well for 10 min before adding 1% SDS to terminate the chromogenic reaction. The OD of each well was measured at 405 nm. Colonies with control OD 405 nm greater than 0.9 were selected for sequencing. Enzymatic kinetics measurement with quantitative ELISA was carried out for the selected variants.
Quantitative ELISA to Measure Enzymatic Kinetics-Enzymatic kinetics measurement was initiated by mixing 20 l of supernatant phage solution (10 10 -10 11 colony forming units/ ml) with 80 l of fXa solution (0.2 units in reaction buffer) in a well of a low absorbent plate. The reaction was terminated at 0, 10, 20, 30, 40, and 50 min, respectively, by adding 50 l of 1.5 M guanidine HCl (pH 8.0 in reaction buffer). 100 l of each terminated reaction mixture was transferred to a His-sorb plate for 1 h binding at room temperature with agitation. The ELISA was developed as described in the previous section. The quantitative measurement of the phage particles capable of binding to the His-sorb surface was calibrated with the standard curve derived from the same plate, where standard pC-Xa phage solution was diluted linearly in a series of 6 wells for a standard curve of OD 405 nm versus known phage concentration. The linear range of the standard curves was found between OD 405 nm ϭ 0.1 and 2. Hence the supernatant phage concentration was adjusted such that the OD 405 nm for the 0-min enzymatic reaction was in the 0.4 -1.8 range, which ensured that the substrate phage concentration remained in the linear range of the standard curves throughout the quantitative ELISA measurements. As such, we eliminated the factors that could affect the consistency of the quantitative ELISA through the variance of the His-sorb plate performance and the concentration of the substrate phages outside the linear range of the standard curve.
The concentration of the substrate phage in the reaction mixture was on the order of ϳ10 Ϫ13 M, which was much lower than the lower limit of K m of fXa, 10 Ϫ6 M as estimated by Bianchini et al. (19) . For [S] Ͻ Ͻ K m , the reaction rate is governed by the approximated Michealis-Menten equation,
where the hydrolysis kinetics is a pseudo-first order reaction with the reaction constant linearly proportional to 
The concentration of the substrate phage [S] in the reaction mixture that was not cleaved by fXa was measured with the quantitative ELISA described above. Cleavage Site Determination with Mass Spectrometry-Peptides were synthesized with a automated solid phase Fmoc (N-(9-fluorenyl)methoxycarbonyl) peptide synthesizer. Enzymatic reaction was carried out in a 10-l reaction buffer mixture containing 50 g of peptide and 4 units of fXa at room temperature for 1 h. The reaction mixtures before and after enzymatic reaction were analyzed with high pressure liquid chromatography to monitor the reaction completeness. The reaction product was analyzed with mass spectrometry to determine the cleavage site in the peptide sequences. The reaction mixture was diluted 30 times in 50% acetonitrile, 0.1% trifluoroacetate, and CHCA (␣-cyano-4-hydroxycinnamic acid), 5 mg/ml, before spotting on the MALDI-TOF sample plate for mass spectrometry (Bruker Ultraflex II MALDI-TOF).
Molecular Modeling of Transition State Complex StructureBovine fXa structure has been determined with x-ray crystallography (Protein Data Bank code 1KIG) (26) . Human fXa is highly homologous to bovine fXa (sequence identity 83%, positive 91%). The constitutive residues of the substrate recognition sites (S2Ј-S4) are 100% identical between the two proteins. Superimposing the 54 human fXa structures and the bovine fXa structure in the PDB revealed that the structures of human and bovine fXa are almost identical around the active site except that the side chain structures of Gln 192 , Glu 97 , Tyr 99 , and Phe 174 vary among human fXa structures, depending on the ligand binding to the substrate recognition sites (see Fig. 5a ). During the following docking procedure, the side chain structures of these four residues remained flexible, modeled with the built-in rotamer libraries of the GOLD 3.2 package (27, 28). The partial charges of the atoms in the enzyme were assigned based on the Kollmann all-atom charge set (29) in the SYBYL 7.3 package. Initial substrate peptide structures were built with SYBYL 7.3 package (Tripos Associates, St. Louis, MO), with partial charges assignment also based on the Kollmann all-atom charge set (29) . N and C terminus were blocked with the methyl group. The transition state complex was modeled by constraining the substrate to the enzyme active site with covalent bonding between the P1 carbonyl carbon and Ser 195 OG and with hydrogen bonding between side chains of Arg P1 and Asp 189 . GOLD 3.2 (27, 28) was used for the substrate-enzyme docking. For effective usage of computational resources, the docking calculations were confined in an active site-centered 15-Å radius sphere, which enclosed all possible substrate structures under the applied constraints. For each substrate docking, a maximum of 2000 independent genetic algorithm runs were set with early termination conditions when 10 top ranked conformations (scored with GOLDSCORE (27, 28) in GOLD 3.2) output from each of the genetic algorithm runs first appeared within 1.5 Å root mean square deviation. All sp3 torsion angles in the substrates were allowed to rotate freely during docking. All default parameters were used for the GOLD 3.2 genetic algorithm, except that the number of operations was doubled (200%) for more exhaustive search of the conformational space. The final 100 top GOLDSCORE-ranked substrate-protein complexes for each substrate were selected for the pharmacophore evaluation process below. The docking processes were carried out in a 40-CPU (Intel Xeon CPU 3.00 GHz) Linux cluster. A single substrate docking took on the order of 10 central processor unit days (CPU days).
Fifty-five complex-based pharmacophore models were generated automatically from the 55 fXa-ligand complex structures currently deposited in PDB (1FAX, 1KIG, 1XKA, 1EZQ, 1F0R, 1F0S,  1FJS, 1G2L, 1G2M, 1KSN, 1IOE, 1IQE, 1IQF, 1IQG, 1IQH, 1IQI,  1IQJ, 1IQK, 1IQL, 1IQM, 1IQN, 1KYE, 1LPG, 1LPK, 1LPZ,  1LQD, 1MQ5, 1MQ6, 1NFU, 1NFW, 1NFX, 1NFY, 1V3X, 1WU1,  2BOK, 2BQ6, 1Z6E, 2BMG, 2BOH, 2BQ7, 2BQW, 2CJI, 2D1J,  2FZZ, 2G00, 2J2U, 2J34, 2J38, 2J4I, 2H9E, 2J94, 2J95, 2UWL , 2UWO, and 2UWP) with the LigandScout program (30) . These pharmacophore models were read into the Catalyst (31) and the UPGMA programs (Unweighted Pair Group Method with Arithmetic mean) in Discovery Studio 1.7 (Accelrys) for further visual and clustering analyses to remove redundant pharmacophore features. The resulting non-redundant pharmacophore after clustering analysis was composed of two hydrogen bond acceptors, four hydrogen bond donors, two positive ionizables, and four hydrophobic features (see Fig. 5a ). This nonredundant pharmacophore model was used to evaluate the 100 top GOLDSCORE-ranked complexes derived from the docking process above with the empirical Fit score shown below (31),
D ij is the distance between the center of the pharmacophore feature i in the ligand and the center of the pharmacophore feature j in the complex-based pharmacophore model as described above. The pharmacophore features in the ligand were generated automatically with the Catalyst program. Only the matching pairs of features within the tolerance distance T j contributed to the sum of the empirical score. The tolerance radius T j was set to 5 Å independent to the feature type j, and the weight w j was set to 1 in this work. Equation 3 provided a semi-quantitative evaluation for the consistency of the docked ligand structures with the experimentally derived complexbased pharmacophore model. Because the computational models were constructed with uncertainties in conformational energy calculation, pharmacophore scoring function, and conformational sampling limit, the resulting models can only be regarded as qualitatively adequate in providing molecular level information that could not be arrived at otherwise.
RESULTS
Substrate Phage Display-To establish the substrate phage display system, we first constructed a positive control recombinant phage pC-Xa (see Fig. 1 ) with a 7-residue flexible linker between the His 6 tag and the fXa cutting site. The flexible linker extended the substrate sequence (IEGR) away from the Ni-NTA surface for fXa accessibility. We established this design by carrying out enzymatic reaction on the surface of His-sorb plate pre-adsorbed with the pC-Xa phages. We also found that the titer before and after adding fXa to a control recombinant phage did not change within experimental error, indicating that fXa did not affect the infectivity of the phage particles.
The construction of the pC-4X library generated 1.4 ϫ 10 9 independent variants. Randomly selecting 24 single colonies for sequencing, we found that 15 colonies contained phagemids with correct insertion and the rest contained template phagemid. Due to the stop codons on the template phagemid, the host cells carrying the template phagemid were not effective in producing any phage particles with displayed protein. Thus, the complexity for the pC-4X phage-displayed library was estimated to be 8.7 ϫ 10 8 (1.4 ϫ 10 9 ϫ 15/24). With the same procedure, the complexity for the pC-XXGRXX and pC-XRXRXX libraries were determined to be 6.4 ϫ 10 8 and 1.6 ϫ 10 8 , respectively. The degenerate codons were analyzed and showed that at the position of N (AGTC with 25% each) the composition of each nucleotide varied from 10 to 40% and at the position of M (AC with 50% each) the composition of the two nucleotides varied from 30 to 70%, no serious bias of the degenerate codon distribution was obvious for the three phage libraries. Thus we constructed phage display libraries with more than 10 8 phagemid variants, which were more than enough to cover 1.6 ϫ 10 5 (20 4 ) possible peptide sequences. pC-4X Library-The pC-4X library (see Fig. 1 ) was applied to the selection procedure depicted in Fig. 2 for 4 cycles of selection/amplification. Fig. 3 shows the phage titers in the washing buffers, reaction buffers, and elution buffers saved from each cycle. The wash of the Ni-NTA beads after the enzymatic reaction released the enzymatically cleaved phage particles (RW1-3 of cycle 1 in Fig. 3 ). Still, a large portion of the phage particles remained intact bound to the washed Ni-NTA beads (see E1-3 of cycle 1 in Fig. 3 ). As the cycles progressed, the fraction of the cleavable phage particles increased. In the last cycle, more than half of the phage population on the Ni-NTA beads was able to be released because of the fXa reaction. The progressive increase of the portion of the cleavable phage particles indicated that the selection/amplification cycle was effective in enriching the phage particles displaying substrate peptides for fXa.
We had a concern that some library members with consecutive His in the substrate sequences might be selected by Ni-NTA beads in the above selection cycles, even though the more competitive His 6 tag remained the predominant binding moiety to the Ni-NTA-coated surface. This possibility was investigated by sequencing random phage variants in the elution buffers (E1-3, see Fig. 2 ). No overpopulated His-biased sequences were found, suggesting that our substrate phage display system did not bias the distribution of His in fXa-cleavable sequences.
After the last selection/amplification cycle with the pC-4X library, 96 single colonies of the host E. coli cells infected with the selected phage particles were picked for single colony analysis. Of the 96 single colonies, 31 phage variants satisfied the criteria (see "Experimental Procedures") for enzymatic kinetics measurement with quantitative ELISA. The IEGR phage variant was not among the 31 selected phage variants but the enzymatic kinetics measurement was carried Two types of sequence patterns clearly emerged from the analysis of the active substrate sequences shown in Fig. 4 : the most apparent pattern was XXGR, followed by X(R/Q)XR. Both sequence motifs accounted for 20 of 29 observed active substrate sequences with k obs Ͼ 0 (see Fig. 4 ). Table 1 shows the position of the hydrolyzed peptide bond for a set of representative substrate sequences found in Fig. 4 . The cleavage sites shown in Table 1 indicated that G and R in the XXGR sequence motif were the P2 and P1 residues, respectively; the R/Q in the X(R/Q)XR sequence motif was the P3 residue and the C-terminal R was the P1 residue. Following the model of fXa-dansyl-Glu-Gly-Arg methylene inhibitor proposed by Padmanabhan et al. (32) , we hypothesized that the XXGR substrates were recognized by fXa through the canonical conformation (32) . As such, the P3 side chain was expected to protrude from the protein surface into the solvent and the specificity of the P3 side chain was not particularly confined by the few surrounding residues (Gln 192 , Glu 217 , Glu 146 , Arg 222 , Glu 97 , Ser 195 , and His 57 within 10 Å from the C␣ of the P3 residue). In contrast, alternative hypothesis for the binding modes of the X(R/ Q)XR substrate sequences was more consistent with the specificity of the P3 side chain.
pC-XXGRXX Library-To further investigate the hypothesis for the substrate binding mode of the XXGR sequences, we constructed the pC-XXGRXX library to select for fXa substrate sequences, using the procedure that had been applied on the pC-4X library as shown above. The library was designed to focus on the side chain requirements of the P3 residues, so as to test the hypothesis that the XXGR substrate sequences were recognized by fXa through the canonical conformation. Three cycles of selection/amplification as depicted in Fig. 2 were carried out and the kinetics measurements for selected phage variants are listed in Table 2 . Of the total 75 (statistics with more than 50 sequences was considered to be adequate (33)) substrate sequences with k obs Ͼ 0, all but three amino acid types (Ala, His, and Thr) appeared at the P3 position, indicating that the P3 side chain requirements were quite tolerant in the XXGR substrate motif. This was in agreement with the implication derived from the canonical conformation hypothesis for the substrate binding mode. Further examination of the distribution of the P3 residues revealed that Arg and Gln were significantly overpopulated (24 and 18 for Arg and Gln, respectively of a total of 75 substrate sequences). This Arg/Gln-enriched distribution was again in agreement with the previous observation in the pC-4X library experiment as shown in Fig. 4 , and warranted an alternative hypothesis to account for the strong preference of the Arg and Gln residues at the P3 position.
The alternative hypothesis required that the P3 side chain was enclosed in a binding pocket such that the lining residues of the binding pocket interacted strongly with the side chain of the P3 residue, explaining the distinct specificity imposed on the P3 residue of the substrate. The only binding pocket available for the P3 side chain near the substrate binding site of fXa is the aryl-binding site defined by Tyr 99 , Phe 174 , and Trp 215 (see Fig.  5) . A large body of experimental evidence (8, 34 -37) has indicated that the fXa aryl-binding site is particularly favorable for binding the Arg side chain. The binding involves three distinct energetic terms: 1) cation-interactions between the aromatic rings and the positive charge on Arg (38, 39); 2) hydrophobic interactions due to the aliphatic part of the Arg side chain; 3) the electrostatic interaction between Arg and Glu 97 adjacent to the aryl-binding site. Thus, the hypothesis for the binding mode of the XRXR substrate sequence was that the P3 Arg side chain inserted into the aryl-binding pocket and the P1 Arg remained in the conventional S1 binding site forming a salt bridge with Asp 189 . This substrate binding model is substantially deviated from the canonical conformation.
pC-XRXRXX Library-To test the hypothesis, we constructed yet another phage library pC-XRXRXX for focused investigation on the side chain requirements of the P2 residue. The rationale was that, as in the proposed binding model in the previous paragraph, the P2 residue had no place to go but to be fitted in the S2 site. In fXa, the S2 site is next to His 57 and Tyr 99 , and unlike many other trypsin-like serine proteases, the space of the S2 site in fXa is limited due to the blockage of the side chain of Tyr 99 . Thus, we expected that the P2 residue needed to be specific for small amino acids. Table 3 shows the substrate sequences with k obs Ͼ 0, selected with the same procedure as described for the derivation of Table 2 . As expected, three smallest amino acids: Gly, Ala, and Ser, were the most prevalent P2 residues (20 for Gly, 7 for Ala, and 9 for Ser of total 57 substrate sequences). However, contradicting to the hypothesis above, the P2 residues had a secondary preference for bulky aromatic residues (3 for Trp, 2 for Phe, and 1 for Tyr) and the non-␤-branched aliphatic side chain (4 for Leu). The result was in qualitative agreement with that found by Bianchini et al. (19) , who have demonstrated that the P2 position for fXa substrate sequences also preferred Phe. It was difficult to reconcile as to why the S2 site simultaneously selected for a group of the smallest amino acid types and a group of the bulkiest amino acid types, except that there might need a third type of binding mode to account for the bulky hydrophobic side chains at the P2 position.
DISCUSSION
From the experimental data shown in Tables 2 and 3 , at least three distinct binding modes for the fXa-substrate recognition were likely: 1) XXGR adapting canonical conformation in enzyme-substrate complex; 2) XR(G/A/S)R with the P3 Arg side chain in the aryl-binding site; and 3) XX(L/W/F/Y)R recognized by fXa through a yet to be defined binding mode. High resolution experimental methods are difficult to determine the proposed fXa-substrate binding modes (5) . Alternatively, we resorted to computational molecular modeling to investigate the plausibility of these proposed substrateenzyme complex structures. Fig. 5 shows the modeled substrate-fXa transition state complexes for seven representative substrate sequences obtained from Fig. 4 , for which at least three binding modes were ratio-nalized as necessary to account for the enzyme-substrate recognition (see above). The corresponding k obs and the enzymatic reaction kinetics of these representative substrate sequences are also shown in Fig. 4 (see also the figure legend of Fig. 5 ).
Due to the limitation of current energetic scoring systems, it is difficult to single out one substrate-enzyme complex with the lowest conformational free energy among a huge number of conformations derived from an exhaustive search algorithm over a huge conformational space. Hence, in addition to ranking the complex structures with one of the best ranking systems (GOLDSCORE (27, 28) ), we further selected from the top 100 GOLDSCORE-ranked complex structures the 5 best models (see Fig. 5 , b-h) that scored highest with the semi-quantitative pharmacophore model derived from 55 fXa-ligand complex structures in the PDB (see Equation 3 under "Experimental Procedures"). The chemical properties of these high affinity ligands to fXa have been extensively reviewed (35, 36) as fXa is an important drug target. In panel a of Only the models of GIEGR consistently have the P4(Ile) side chain inserted into the S4 (aryl-binding) site (see Fig.  5c ), in agreement with the canonical conformation hypothesis. Another substrate that shows partial agreement with the canonical conformation hypothesis is the GPSGR (see Fig. 5e ), where 3 of 5 models have P4(Pro)-S4 binding conformations. Models for GPQGR (Fig. 5b) , GYRGR (Fig. 5d) , GLLQR (Fig. 5f ), and GPRAR (Fig. 5h) have the binding modes where the S4 (aryl-binding) site prefers to accommodate the P3 side chains. The preference of the Arg and Gln side chains in the aryl-binding site explains the experimental observation of the significantly high occurrence frequencies of Arg and Gln in the P3 position among the cleavable substrate sequences. The binding mode for the GAQFR (Fig. 5g) is striking in that the bulky side chain of the Phe (P2) has no place to go but to fit into the aryl-binding (S4) pocket. Together, the models provide an explanation for the obser-FIGURE 5. Computational molecular modeling of fXa-substrate transition state complex structures. Pharmacophore models in a were derived from known enzyme-ligand structures. The catalytic triad is colored in red. The S1 and S4 substrate recognition sites are colored in green and magenta, respectively. Pharmacophore centers are labeled D, H-bond donor; A, H-bond acceptor; P, positive ionizable; H, hydrophobic features. The pharmacophore features in the aryl-binding site are D4, P4, H4-1, and H4-2. The pharmacophore features in the S1 site are H1, P1, and D1. A3 and D3 are the H-bonding acceptor and donor pairs for Gly 216 backbone. D0, A0, and H0 are features corresponding to the binding pocket above the S1 site. Superimposition of the fXa structures are shown in stick models below the molecular surface in this panel. Only the relevant residues near the active sites are shown. The best 5 complex structure models for each of the substrate peptide sequences: (b) GPQGR (k obs ϫ 1000 ϭ 70.2 (min Ϫ1 )), (c) GIEGR (k obs ϫ 1000 ϭ 30.8 (min Ϫ1 )), (d) GYRGR (k obs ϫ 1000 ϭ 25.7 (min Ϫ1 )), (e) GPSGR (k obs ϫ 1000 ϭ 20.5(min Ϫ1 )), (f) GLLQR (k obs ϫ 1000 ϭ 13.6 (min Ϫ1 )), (g) GAQFR (k obs ϫ 1000 ϭ 8.7 (min Ϫ1 )), and (h) GPRAR (k obs ϫ 1000 ϭ 8.1 (min Ϫ1 )) are shown in panels b-h. The corresponding k obs are derived from Fig. 4 . In each of the panels, the ranks of the models are color coded: the best model is in pure white for the carbon atoms in the substrate peptide, the second to fifth ranked substrate models are shown with increasing grayness for the carbon atoms. The protein structure displayed in each of the panels is the protein model from the top ranked complex structure. vation that the P2 site accommodated the smallest and the bulkiest amino acid side chains. Nevertheless, due to the limitation of the computational modeling, the findings from molecular modeling can only be regarded as proposition rather than proof. We found that known substrate sequences from in vivo protein substrates of the coagulation system, such as PQGR in factor VII (see Fig. 4 ) and I(E/D)GR in prothrombin (see Fig. 4 and Table 2 ), are among the most active substrate sequences recognized by the fXa active site in vitro. The results indicate that the catalytic site of fXa has been evolved to accomplish the highest specificity toward its substrates in vivo.
Interestingly, the fXa active site recognizes PQGR and I(E/ D)GR through different binding modes (see Fig. 5, b and c) . The two binding modes are drastically different both in the conformation of the peptide substrate and the active site binding pockets. Moreover, the binding modes shown in Fig. 5 did not suggest that the canonical conformation binding mode correlates with more effective enzymatic kinetics; however, the P2 to S4 binding mode (see Fig. 5g ) seems to correlate with less effective enzymatic reactions.
The conformational flexibility of the substrate and the plasticity of catalytic site residues shown in Fig. 5 explain the permissiveness of the active site-substrate recognition shown in Fig. 4 and Tables 2 and 3 , and hence imply that serine protease active site-substrate recognitions are intrinsically nonspecific to various extents against peptidyl substrates. System activations requiring high specificity beyond the intrinsic specificity of the involved serine proteases need to rely upon additional enzyme-protein substrate interactions remote from the catalytic site. In this aspect, the exosite-driven mechanism of substrate recognition in the fXa-fVa-catalyzed thrombin formation has provided significant insights (14, 15) .
The substrate phage display results have provided a complete mapping of the peptidyl substrate recognitions in the catalytic site of fXa. The binding of Arg/Gln to the aryl-binding site has provided an initial scaffold for designing the peptide-based inhibitor against the active site of fXa. On the other hand, the experimental and modeling results also suggest that difficulties could arise in engineering the catalytic site recognition specificity through mutations of active site residues due to the flexibility of the active site structure and the adaptability of the substrate conformation.
To summarize, substrate phage display selection experiments revealed that the specificity of fXa toward substrate peptide sequences could not be explained with the canonical conformation as the sole binding mode. Molecular modeling results suggest that three binding modes corresponding to the aryl-binding site accommodating the P4, P3, and P2 side chains, respectively, are likely to account for the specificity of fXa toward substrate peptide sequences. Together, the results indicate that the binding mode of the enzyme-substrate complex is sequence-dependent, i.e. the way the sites are occupied in the active site cleft could vary from one substrate to the other, depending on the sequence of the substrate peptide. As such, a sequence-dependent substrate-enzyme recognition model is expected to underlie the experimentally observed fXa specificities toward substrate peptide sequences.
